Reaction of [Rh(µ-SH) 
Introduction
The chemistry of transition metal sulfido clusters has been attracting significant attention with regard to the active sites of metalloenzimes and industrial metal sulfide catalysts for hydrotreating processes, in particular, for hydrodesulfurization (HDS) of fossil fuels. [1] [2] [3] The controlled construction of sulfido clusters has been a major objective in this field and the development of rational synthetic methods has allowed the preparation of a wide range of multimetallic sulfido clusters with the desired metal composition and metal-sulfur framework. [4] [5] [6] [7] Hydrosulfido metal complexes have been recognized as fundamental building blocks for the synthesis of polynuclear complexes and clusters. [8] In this context, bis(hydrosulfido) mononuclear complexes, as for example [Cp 2 M(SH) 2 ] (M = Mo, W), [9] [Cp*M(SH) 2 (PR 3 )] (M = Rh, Ir) [10] and [M(SH) 2 (diphos)] (M = Pd, Pt), [11] behave as metalloligands for the synthesis of both hydrosulfido-and sulfido-bridged multinuclear complexes. [12] We have reported the application of mononuclear bis(hydrosulfido) titanium and zirconium complexes, an incomplete doubly-fused cubane structure. [15] Alternative dinuclear precursors for mixedmetal cluster synthesis are the bis(hydrosulfido)-briged complexes [(Cp * MCl) 2 (µ 2 -SH) 2 ] (M = Ru, Rh, Ir) that allowed the synthesis of tri-and pentanuclear heterometallic clusters with [M'M 2 (µ 3 -S) 2 ] and [M'M 4 (µ 3 -S) 4 ] cores, [16] and cubano-type homometallic clusters [M 4 (µ 3 -S) 4 ] [17] through condensation processes involving HCl elimination.
We have recently reported the synthesis of bis(hydrosulfido)-bridged dinuclear rhodium complexes [Rh(µ-SH) L 2 ] 2 from mononuclear rhodium(I) acetylacetonato complexes and H 2 S(g) as hydrosulfido ligand source. [18] In contrast with [Rh(µ-SH) {P(OPh) 3 } 2 ] 2 , the complexes [Rh(µ-SH)(CO)(PR 3 )] 2 slowly transform in solution into the 48-electron trinuclear hydrido-sulfido clusters [Rh 3 (µ-H)(µ 3 -S) 2 (CO) 3 (PR 3 ) 3 ] (R = Cy, Ph) with the release of H 2 S(g) in a reversible way. Related precedent in this chemistry are the clusters [M 3 (µ-H)(µ 3 -S) 2 (cod) 3 ] that are formed by reaction of complexes [M(µ-Cl) (cod)] 2 with NaSH, [19] or [M(acac) (cod)] and [M(µ-OMe)(cod)] 2 (M = Rh, Ir) with H 2 S(g). [18] In full agreement with the stability of these trinuclear hydrido-sulfido clusters, the clusters [Rh 3 (µ-H)(µ 3 -S) 2 (CO) 3 (PR 3 ) 3 ] have also been obtained from [Rh(acac) (CO)(PR 3 )] complexes by control of the H 2 S(g) concentration in the reaction media. [19] Stimulated by these findings we envisage the potential of these bis(hydrosulfido)-bridged dinuclear rhodium complexes for the controlled synthesis of mixed-metal sulfido clusters through the selective deprotonation of the hydrosulfido ligands. We report herein on the application of this methodology for the synthesis of diverse homo-and heterotrinuclear hydrido-sulfido clusters with the core [M 3 (µ-H)(µ 3 -S) 2 ]. Interestingly, some of these clusters exhibit a mobile hydride ligand that migrates between edge-bridging sites. Kinetic data for the hydride migration process have been obtained by two-dimensional NMR spectroscopy. In addition, the mechanism for the mobility of the hydride ligand, which has been investigated by DFT calculations, is relevant to the possible pathways for the hydrogen diffusion on the surface of metal sulfide hydrotreating catalysts. [1d, 22] 
Results

Synthesis and characterization of clusters [Rh 2 M(µ-H)(µ 3 -S) 2 {P(OPh) 3 } 4 (diolef)] (M =
Rh, Ir). Reaction of [Rh(µ-SH) {P(OPh) 3 } 2 ] 2 with half equiv. of [{Rh(µ-Cl)(cod)} 2 ] in benzene in the presence of an excess of NEt 3 gave a deep red solution of the hydrido-sulfido cluster [Rh 3 (µ-H)(µ 3 -S) 2 {P(OPh) 3 } 4 (cod)] (1). The cluster was isolated in 82% yield as dark red microcrystals by crystallization from dichloromethane/n-hexane at 258 K. The formation of the trinuclear sulfido cluster was confirmed by the ESI-mass spectrum that showed the molecular ion at m/z 1772. The 1 H NMR spectrum of 1 in C 6 D 6 showed two resonances of high multiplicity in the high field region corresponding to bridging hydride ligands which suggest the presence of two isomers (1a and 1b) arising form the different location of the bridging hydride ligand in the unsymmetrical molecular framework (Scheme 1). Thus, the resonance triplet of quintuplets (tq) at δ = -14.37 ppm, that became a triplet in the 1 H{ 31 P} NMR spectrum, was assigned to isomer 1a with the hydride ligand bridging the two rhodium atoms with triphenylphosphite ligands. The resonance double doublet of triplets (ddt) at δ = -13.75 ppm, that became a double doublet in the 1 H{ 31 P} NMR spectrum, corresponds to isomer 1b with the hydride ligand bridging rhodium atoms with triphenylphosphite and cod ligands ( Figure 1 ). In addition, the olefin region of the 1 H NMR spectrum showed three resonances for the =CH protons of the cod ligand, one for 1a and two for 1b ( 1 H-1 H COSY evidence) in agreement with the symmetry of both isomers, C 2v and C s , respectively.
Outstandingly, both isomers interconvert in solution as was evidenced by the cross-peaks observed in the 1 H-1 H NOESY spectrum, both in the hydride and olefinic regions (Figure 2 ). Table 1 . From these geometrical parameters it becomes clear that both metal complexes are nearly isostructural, with the only relevant differences associated to the location of the bridging calculated hydrides. In the solid state, the trinuclear clusters exhibit an asymmetric triangular metal core stabilized by two triply bridging sulfido ligands situated at both sides of the M 3 planes, connecting two identical 'Rh{P(OPh) 3 } 2 ' moieties and an additional 'M(cod)' unit (M = Rh (1), Ir (4)). The M-S bond distances are also reflecting the electron density differences of the metals, showing two long distances (range 2.3406(12)-2.3533(10) Å) to the phosphite-bonded rhodium atoms (Rh(1) and Rh(2)), and one shorter bond length to the olefin-coordinated metals, 2.3191(8) Å in 1 and 2.3283(7) Å in 4. A similar pattern for the Rh-S bond distances has been observed in the closely related cluster, [Rh 3 (µ-H)(µ 3 -S) 2 (CO) 3 (PCy 3 ) 3 ], where also two types of bond lengths -all slightly longer in the latter case-has been reported (2.366 and 2.334(2) Å). [18] The main differences between both cluster molecules involve the presence of a bridging hydride ligand, which has been included in the model from electrostatic potential energy calculations. [21] In both cases the hydride occupies a nearly coplanar position with the plane defined by the three metals but, as inferred from NMR measurements, while in 1 it is located Jiménez, Lahoz, Lukešová, Miranda, Modrego, Nguyen, Oro and Pérez-Torrente, manuscript Kinetic study for the hydride exchange in trinuclear hydrido-sulfido clusters by 2D-EXSY spectroscopy. Line-shape analysis and magnetization transfer are the most commonly used techniques for evaluation of reaction rates. However, the 2D EXSY NMR (two dimensional exchange spectroscopy) method has been increasingly applied to the study of complex kinetic processes, fluxional behaviour, rotational barriers and conformational analysis. [22] This technique is also suitable for the study of multisite exchange processes with small chemical shift differences. 
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spectrum is related to the exchange rate constant, the relaxation rate and the mixing time.
[23]
The integrals of the exchange cross peaks in the 2D EXSY spectra were processed using the EXSYCalc program to compute the chemical exchange rate constants k 1 and k -1 . [24] The activation energies for the forward (ΔG 1 # ) and backward (ΔG -1 # ) processes were calculated from the Eyring equation.
( )
The kinetic parameters for the equilibrium a D b are summarized in Table 2 . The rate constants at room temperature were calculated to be 2-10 s isomer. In addition, the similarities of these values with those measured for compound 5 also points out that the metal composition of the trimetallic core has only a weak influence upon the hydride migration. The largest difference between ΔG 1 # and ΔG -1 # was found in cluster 5
and thus, the migration of the hydride ligand from the Rh-Ir edge to the Ir-Ir has an energy barrier 1.9 kJ mol -1 lower than the reverse process which is consistent with a weaker Rh-H bond..
The energy barrier for the migration of the hydride ligand in cluster 1 has been also determined by a variable temperature 1 H NMR study in [D 8 ]-toluene. Thus, the hydride resonances at δ = -12.34 and -13.00 ppm coalesce at approximately 373 K to give a broad average resonance at δ = -12.79 ppm. The calculated ΔG ≠ c value using the Gutowsky-Holm [25] and the Eyring equations is about 73 kJ mol -1 and compares well with the value determined by 2D-EXSY NMR spectroscopy at 300 K.
The energy barriers found in trinuclear hydrido-sulfido clusters are well in the range of those calculated in related trinuclear clusters. Previous studies have shown that the measured activation barriers for hydride migration range from 13 kJ mol -1 to greater than 80 kJ mol -1 . [26] It has been assumed that hydride fluxionality occurs through changes in the coordination mode of the hydride ligand between doubly bridging and either terminal or triply bridging.
However, the mechanism and rate behaviour are still poorly understood because of the hydride migration is complicated by the possible motion of other ligands.
Mechanism for the hydride mobility in trinuclear hydrido-sulfido clusters. Hydride mobility is a common feature of metal clusters chemistry. The migration of hydride ligands in trimetallic clusters has been observed in several cases although, in the spite of several mechanistic proposals, [19, [27] [28] [29] [30] the mechanisms have not been fully characterized. Hydride migration between edge-bridging positions is believed to occur through terminal hydride intermediates by a turnstile mechanism. However, the hydride migration process can be assisted by other ligands in the cluster as was demonstrated by Morokuma et al. for related monocapped triangular [M 3 (CO) 9 (µ-H) 3 (µ 3 -CH)] (M = Ru, Os) complexes. [31] They propose the movement of the hydride ligand from a bridging edge of the trinuclear framework to the capping methylidine ligand and then, the migration of the former methylidine hydrogen atom from the capping ligand to the adjacent edge of the metallic framework. This process occurs via a terminal hydride ligand and also involves a turnstile movement of the "Ru(CO) 3 H" fragment. In addition, hydride fluxionality has also been observed in complexes where either the size of the ligands or their chelating role, such as dppm, [27] prevents a turnstile-like mechanism.
Jiménez, Lahoz, Lukešová, Miranda, Modrego, Nguyen, Oro and Pérez-Torrente, manuscript for Chem. Eur. Journal
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The size of the phosphite ligands in cluster [Rh 3 (µ-H)(µ 3 -S) 2 {P(OPh) 3 } 4 (cod)] (1) , [32] and trinuclear complexes having the core [M 3 (µ 3 -SH) 2 ] (M = Cu, Ag) [33] have been described. In contrast, the triple bridge coordination mode of thiolato ligands, µ 3 -SR, has been found in transition metal clusters and rhodium trinuclear aggregates.
[34]
This mechanism via a µ 3 -SH intermediate ( Figure 6 ) has been analyzed by DFT calculations.
The compound 1 has been modeled as [Rh 3 (µ-H)(µ 3 -S) 2 (PH 3 ) 4 (cod)] (1') without symmetry restrictions. DFT calculations have been performed using the B3LYP functional and 6-31G** basis set for the non-metal atoms. For Rh the LANL2DZ pseudopotential and its associated basis set were used. In the following analysis of structure geometries Rh P represents the rhodium atoms bonded to phosphine ligands, while Rh cod is the rhodium atom bonded to the cyclooctadiene ligand.
We have found that the two different Rh-Rh hydride bridged isomers (1a' and 1b') are close in energy, the free energy of the isomer Rh P -(µ-H)-Rh cod (1b') is +15.4 kJ/mol relative to isomer Rh P -(µ-H)-Rh P (1a'). The hydride ligand in both isomers bridges two rhodium atoms and lies in the Rh 3 plane. Movement of the hydride ligand between both isomers occurs via a trinuclear hydrosulfido-sulfido intermediate [Rh 3 (µ 3 -SH)(µ 3 -S)(PH 3 ) 4 (cod)] (1c'), which has a free energy of +50.2 kJ/mol relative to the Rh P -(µ-H)-Rh P isomer (1a').
The most stable isomer of (8) In contrast, [Rh(µ-SH){P(OPh) 3 } 2 ] 2 failed to react with this type of complexes which is in agreement with the lower acidity of their hydrosulfido ligands compared to the carbonyltriphenylphosphine analogue. [18] The clean synthesis of trinuclear hydrido-sulfido clusters from [Rh(µ-SH) by a intramolecular proton transfer.
Hydride mobility in hydrido-sulfido clusters. Some of the trinuclear hydrido-sulfido clusters described in this work exhibit a dynamic behaviour as a consequence of the hydride migration between the edges of the metal triangle with the simultaneous movement of the RhRh bond.
It is generally assumed that hydride fluxionality in trinuclear clusters occurs through a sequence of migrations involving the movement of a single bridging hydride ligand from one metal-metal vector to an adjacent unbridged edge. [28] However, DFT calculations on the model compound Figure 6 ). On the other hand, the molecular structure of cluster 1 shows that the bridging hydride ligand is located at the Rh P -Rh P edge which is also in agreement with the theoretical calculations as this isomer, 1a', is 15.4 kJ mol -1 more stable than the isomer 1b' where the hydride ligand bridges the Rh P -Rh cod edge.
The scope of the hydride migration phenomenon seems to be determined both by the metal composition of the cluster and the auxiliary ligands on the rhodium metal fragments. The influence of the ancillary ligands on the metal framework becomes evident in the dynamic [Rh 3 (µ-H)(µ 3 -S) 2 {P(OPh) 3 } 4 (cod)] (1) and static [Rh 3 (µ-H)(µ 3 -S) 2 (CO) 2 (PPh 3 ) 2 (cod)] (6) clusters with the bridiging hydride ligand located at the Rh CO/P -Rh CO/P edge in the latter.
Thus, the presence of strong π-acceptor ligands (CO) in 6 stabilizes the a-type isomer and, as result, the cluster is static. On the other hand, in contrast with 1, the cluster [Rh 2 Ir(µ-H)(µ 3 -S) 2 {P(OPh) 3 } 4 (cod)] (4) is static with the hydride ligand at the Rh-Ir edge which is in full agreement with the structure found in the solid state. In this case, the easiest oxidation of the Ir(I) centers to Ir(II) [35] and the stronger Ir-H bonds [36] could account for the superior stability (Table 2) , are very similar to those determined in clusters having triphenylphosphite as auxiliary ligands.
The turnstile rotation of the fragment "RhH{P(OPh) 3 } 2 " is hindered by the presence of two bulky phosphite ligands favouring the hydride migration via a hydrosulfido intermediate.
Obviously, the turnstile rotation of the "RhH(CO)(PPh 3 )" requires much less energy because of the presence of only a bulky triphenylphosphine ligand. In addition, the presence of strong π-acceptor carbonyl ligands in 8 probably reduces the electronic density on the sulfido ligands making the hydride migration through sulphur less favourable in this case.
Dynamic hydrido-sulfido clusters as molecular models for the hydrogen migration on metal sulfide hydrotreating catalysts. Hydrotreating comprises a variety of catalytic hydrogenation processes that aim at reducing the heteroatom content of petroleum feedstocks.
Molybdenum sulfides promoted by nickel (or cobalt) have been widely used as hydrotreating catalysts for the removal of sulfur, nitrogen, and other impurities from oil fractions. [1d, 37] Hydrotreating reactions require the activation of hydrogen on the catalyst surface and the subsequent reactions between hydrogen species and organic molecules.
[38]
Theoretical investigations on the adsorption and dissociation of hydrogen both on promoted and unpromoted MoS 2 surfaces show that molecular hydrogen dissociates heterolytically leading to the formation of Mo-H and Mo-SH functionalities. [39] The presence of -SH groups on molybdenum-based catalysts has been established by many spectroscopic studies, however there is no experimental evidence supporting the existence of Mo-H groups, although such species have been found on other sulfide phases upon hydrogenation. [40] H-D isotopic It has been determined that the activation energies for the surface migration processes are smaller than that for the initial dissociation process, which indicates the highly dynamic nature and mobility of surface hydrogen species. In particular, the migration of a hydrogen from Mo-H to a sulfur atom has a low energy barrier and the energies associated to the Mo-H and S-H bonds are close which could explain the low concentration of Mo-H groups on the catalyst surface.
[42]
The modelling of the dihydrogen activation on transition metal sulfide catalysts by organometallic complexes has demonstrated that sulfido ligands can assist the heterolytic splitting of dihydrogen to produce hydrosulfido complexes. In fact, several ruthenium, titanium, rhodium and iridium hydrido-hydrosulfido complexes have been obtained by reaction of sulfido metal complexes with dihydrogen. [43] In contrast, there is not experimental evidence at molecular level for the sulphur-assisted hydride migration on sulfido clusters.
Thus, the dynamic behaviour of the hydrido-sulfido clusters [Rh 3 (µ-H)(µ 3 -S) 2 {P(OPh) 3 } 4 (diolef)], that involves the hydrogen migration from rhodium to sulphur with a switch from hydride to proton character, models the hydrogen mobility on metal sulfide hydrotreating catalyst by interconversion between surface metal hydrides and -SH.
Conclusions
The bis(hydrosulfido)-bridged dinuclear complexes [Rh(µ-SH) 
Experimental Section
General methods All manipulations were performed under a dry argon atmosphere using [44] nbd, [45] tfb, [46] ) and [{Ir(µ-Cl)(cod)} 2 ]. [47] The acetylacetonato complexes [Rh(acac)(diolef)] (diolef = cod, nbd) [48] and [Ir(acac)(cod)], [49] and the complexes [{M(µ-OMe)(cod)} 2 ] (M = Rh, Ir) [50] were prepared according to the previously reported methods. [Rh(µ-SH){P(OPh) 3 } 2 ] 2 and [Rh(µ-SH)(CO)(PPh 3 )] 2 were prepared following the synthetic procedure recently described. [18] Synthesis of [Rh 3 (100 µL, 0.719 mmol, ρ = 0.728 g mL -1 ) were reacted in benzene (3 mL), following the procedure described for compound 2, to give a dark red solution in 2 hours. The solvent was evaporated under vacuum and the residue dissolved in CH 2 Cl 2 (1 mL). Slow diffusion of nhexane (8 mL) at 258 K gave the compound as dark red crystals, which were filtered off, washed with pentane and dried under vacuum (0.068 g, 68% 
The spectra were apodized with a qsine function and zero filled. They were phased to give negative peaks along the diagonal. The baseline in F1 and F2 was corrected and then, all the spectra were phased using the phase sensitive method from Bruker.
The basis of the calculation of the kinetic data (k 1 and k -1 /s -1 ) from the EXSY experiments is the integration of the cross-peaks amplitudes of the 2D EXSY spectra performed using the MestReC software. [24] The hydride resonances involved in the exchange process are The longitudinal relaxation times T 1 were measured using the inversion-recovery method with the appropriate pulse sequence. For a system with two exchange sites, i and j, of equal relaxation time T 1 , the optimum value of the mixing time (t m ) to maximize the cross-peaks intensities can be calculated using the following equation where k ij , and k ji are the exchange rate constants between them. [23, 51] 
An adequate approximation for the optimum mixing time (t m ) derived from a statistical analysis is the following expression. [52] t
The activation energies, ΔG 1 # and ΔG -1 # (kJ·mol -1 ) were calculated from the chemical exchange rate constants obtained from ESXYCalc, k 1 and k -1 , using the Eyring equation.
Theoretical calculations. The calculations were performed with the Gaussian03 software package [53] at the density functional theory (DFT) using the B3LYP functional. A set of model systems were used, obtained by replacing the phenyl groups on P(OPh) 3 ligands with H atoms. All were fully optimized without any symmetry restriction. The basis set employed was 6-31G** for all the atoms but the Rh atoms, where the LANL2DZ pseudopotential an associated basis set were used. The stationary states, both minima and transition states, were characterized by frequency calculations and the imaginary frequency of the transition states was visually checked to assess its correct relation with the related minima. Cartesian coordinates, absolute energies, and graphical representation including selected geometrical parameters for the stationary states are provided in the Supporting information. Intensity data for both molecules were collected at low temperature (100(2) K) on a Bruker SMART APEX CCD area detector diffractometer, using graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) and narrow ω scans (0.3º). Cell parameters were refined from the observed setting angles and detector positions of strong reflections (6135 reflns, 2θ ≤ 46.8º for 1 and 7873 reflns, 2θ ≤ 50.2º for 4). Data were processed using SAINT, including corrections for Lorentz and polarization effects; [54] multiscan absorption corrections were also applied with SADABS. [55] The structures were solved by direct methods [SHELXS86 [56] (1) and SIR2002 [57] (4)] and completed by successive difference Fourier synthesis. Refinement, by full-matrix leastsquares on F 2 , was carried out with SHELXL97, [58] including in both structures all nondisordered non-hydrogen atoms with anisotropic displacement parameters. Both crystal structures showed similar difficulties in the refinement procedure and were processed in an analogous way. As it is common for phosphite ligands, some of the phenyl groups were observed disordered and were modeled on the base of two moieties with equal occupancy factors. Additionally a dichloromethane molecule was also observed disordered; again two moieties with complementary occupancies were include in the interpretation of the electron density. Organic hydrogen atoms were included in the refinement from calculated positions only for the metal complexes and were refined as riding atoms. At this stage, in both cases, three significant residuals were observed in the different Fourier maps; they were interpreted as highly disordered n-hexane solvent molecules having partial occupancy [0.5 (1) and 0.25 (4)]. Potential energy minimizations were carried out (HYDEX program [21] ) [a]
Cluster t m (ms) T 1 (ms) k 1 (s -1 ) [b] k -1 (s -1 ) [b] ΔG [a] 2D-EXSY spectra (500 MHz) were recorded at 300 K using saturated C 6 D 6 solution of the clusters.
[b] The integrations for the exchange cross-peak were processed using the EXSYCalc program to obtain the rate constants k 1 and k -1 .
[c] Eyring equation was used to calculate activation energies ΔG 1 # and ΔG -1 # ; ΔG # = -RTln(hk/k B T); T is temperature in Kelvin, k B is the Boltzmann's constant, and h is Planck's constant. 1 H and 1 H{ 31 P } NMR spectra of 1 (hydride region) in C 6 D 6 at 298 K. 
